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CROSS REFERENCE TO RELATED APPLICATION 

[0001] The present application claims priority to U.S. Provisional Application Serial No. 
60/460,799, filed on April 4, 2003, which is incorporated herein by reference in its entirety. 

BACKROUND OF THE INVENTION 

a. Technical Field r 

[0002] The present invention is in the field of non-volatile memory integrated circuits. 

b. Description of the Related Art 

[0003] Two well known types of non-volatile memory integrated circuits are: (1) electrically- 
erasable electrically-programmable read only memory (EEPROM) integrated circuits; and (2) 
electrically flash reprogrammable read only memory (flash) integrated circuits. 

[0004] A typical EEPROM includes an array of memory cells, with each memory cell consisting 
of two MOSFET transistors: a select transistor and a storage transistor. The select transistor 
controls access to the storage transistor. The storage transistor includes a source region, a drain 
region, and a channel region between the source and drain regions. Two gates overlie the channel 
region: (1) a lowermost, electrically-isolated, floating gate; and (2) an overlying, control gate. A 
thin oxide layer, called tunnel oxide, is between the floating gate and the ch^mel region. 
Electrons move back and forth through the tunnel oxide by Fowler-Nordheim tunneling, leaving 
the floating gate with either a net positive or a net negative charge. When a net positive charge is 
on the floating gate, the storage transistor conducts when a specified read voltages is applied to the 
control gate. When a net negative charge is on the floating gate, the storage transistor does not 
conduct upon application of the read voltage. The conductive state is interpreted as a logical one, 
and the nonconductive state is interpreted as a logical zero. 
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[0005] EEPROMs have attributes that make them better for some applications than others, due to 
the fact that EEPROMs have separate select and storage transistors. For instance, EEPROMs are 
robust and reliable. Moreover, because of the separate select transistor, EEPROM cells may be 
erased at the byte and page level. EEPROM cells also are efficient users of current, because the 
programming current is very low with Fowler-Nordheim tunneling. On the other hand, 
EEPROMs are relatively low speed, and each EEPROM cell occupies a relatively large area. The 
large area results from the presence of the two transistors, and the need for each memory cell to 
have contacts for connecting both to a bitline and a wordline. 

[0006] A flash memory, by contrast to an EEPROM, is comprised of single transistor memory 
cells. The flash memory cell includes a lowermost, polysilicon floating gate, and an overlying 
polysilicon control gate. A thin tunnel oxide layer separates the floating gate from the substrate. 
Both the programming and erase operations occur through Fbwler-Nordheim tunneling of 
electrons through the tunnel oxide between the floating gate and the semiconductor substrate. 

[0007] Like EEPROMs, flash memory has featiu-es that make it better for some applications than 
others. For instance, flash memory cells occupy much less area than EEPROM cells, and are 
faster. However, flash memories cannot be erased in as selective a manner as an EEPROM. Flash 
memory is erased in blocks. Further, in a flash memory, because there is not a separate select 
transistor, an operation directed at one cell can easily disturb the stored charge on the floating gate 
of nearby cells. Because of this risk of disturbance, flash memories must include circuit to verify 
the contents of the memory. This verify circuitry consumes current, which can affect the 
operation time of battery-operated devices. In addition, while flash cells are much smaller than 
EEPROM cells, there are contacts at each memory cell to a bitline and a wordline, and these 
contacts consume valuable chip area. 

[0008] Clearly, it would be desirable to have a non-volatile memory that combines the reliability 
and low current operation of an EEPROM, while at the same time having the small size and speed 
of a flash memory. 
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SUMMARY OF THE INVENTION 

[0009] The present invention includes a non- volatile memory, a memory cell for the non-volatile 
memory, a method of operating the non- volatile memory, and a method of making the non-volatile 
memory, amongst other aspects. As exemplified by the disclosed embodiments, the invention 
substantially reduces the size of the memory cell relative to EEPROMs, and provides a simple and 
reliable memory solution for embedded applications and serial flash applications, among other 
possibilities. 

[0010] In one embodiment, the non- volatile memory includes rows and columns of non- volatile 
memory cells formed in a first region of a first conductivity type in a semiconductor substrate. 
Shallow implant regions of a second conductivity type are provided in the first region, in the form 
parallel pairs of lines. One of a plurality of columns of the memory cells overlaps each pair of 
implant region lines, which function as local bitlines. One of the diffusion region lines provides 
respective source regions for all of the memory cells of the respective column, and the other of the 
diffusion region lines of the pair provides respective drain regions for all of the memory cells of 
the column. Respective subportions of the first region between the diffusion region lines of the 
pair (i.e., between the source and drain regions of the respective memory cells) form the channel 
region of the memory cell. 

[0011] Plural isolation region lines, such as field oxide lines or shallow trench isolation lines, are 
formed in the first region and extend parallel to the diffusion region lines, with one of the 
respective isolation region lines separating adjacent pairs of the diffusion region lines. 
Accordingly, the columns of memory cells are isolated from each other by an intervening one of 
the isolation region lines. 

[0012] A thin tunnel oxide layer is formed on the source side each of the memory cells, over and 
in contact with the source region of the memory cell. At each of the memory cells, an electrically- 
isolated rectangle of polysiUcon located over and in contact with the tunnel oxide layer serves as a 
floating gate, which stores positive or negative charge, depending on whether the memory cell is 
storing a logical one or zero. 



CAT- 12945 



[0013] A second layer of polysilicon is formed into parallel wordlines that each extend 
perpendicularly to the diffusion region lines. Each of the polysilicon wordlines overlies a 
respective one of the rows of memory cells. In particular, each polysilicon wordline overlies the 
floating gate, the source region, the drain region, and the channel region of each of the plural 
memory cells of the particular row of memory cells, as well as the isolation region line that is 
between adjacent memory cells of the row. At each of the memory cells of the row, a respective, 
integral subportion of the polysilicon wordline functions as the control gate of the memory cell. 
An intervening layer of dielectric material separates the polysilicon wordline from the underlying 
floating gate, the channel region, and the drain region of the memory cell. 

[0014] The exemplary non- volatile memory cells disclosed herein have the reliability and low 
current consmnption of an EEPROM cell, while also having the small area and speed of flash 
memory. Each memory cell includes a select transistor in series with a storage cell, as in an 
EEPROM, but there is only a single source region, drain region, and channel region, as in a flash 
memory cell The number of contacts for the memory array are drastically reduced in comparison 
to both.EEPROM and flash memory cells. In addition, interaction between adjacent memory 
cells, in the wordline direction, is suppressed by using separate local bitlines for the cell source 
and drain regions, and by providing an isolation region between the adjacent cells. Further, the 
memory cell has an integrated select gate that avoids the cumbersome verify cycles needed by 
standard flash memory. 

[0015] These and other aspects of the present invention will become apparent in view of the 
detailed description and the accompanying drawings of the exemplary embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] Fig. 1 is a cross-sectional side view of a first embodiment of a non-volatile memory cell, 
and portions of two adj acent memory cells, taken along a wordline of a memory array, in 
accordance with the present invention. 

[0017] Fig. 2 is a schematic diagram of an array of the non- volatile memory cells of Fig. L 
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[0018] Fig. 2a is a table of parameter values for erase, write, and read operations of the non- 
volatile memory cells of Fig. 2. 

[0019] Fig. 3 is a schematic diagram of anon- volatile memory array showing an interconnection 
of plural blocks of the memory cells of Figs. 1 and 2, and parameter values for operation of the 
memory array. 

[0020] Figs. 4a-4e are cross-sectional side views of stages in a first process for making memory 
cells, in accordance with the present invention. 

[0021] Figs, 5a-5d are cross-sectional side views of stages in a second process for making 
memory cells, in accordance with the present invention. 

[0022] Fig. 6 is a cross-sectional side view of a second embodiment of a non- volatile memory 
cell, and portions of two adjacent memory cells, taken along a wordline of a memory array, in 
accordance with the present invention. 

[0023] Fig. 7 is a schematic diagram of an ari^^ay of the non-v^^^ " ' " 

[0024] Fig. 7a is a table of parameter values for erase, write, and read operations of the non- 
volatile memory cells of Fig. 7. 

[0025] Fig. 8 is a schematic diagram of a non- volatile memory array showing an interconnection 
of plural blocks of the memory cells of Figs. 6 and 7, and parameter values for operation of the 
memory array. 

[0026] Figs. 9a-9e are cross-sectional side views of stages in a first process for making memory 
cells, in accordance with the present invention. 

[0027] Figs. 10a- lOd are cross-sectional side views of stages in a second process for making 
memory cells, in accordance with the present invention. 

[0028] In the drawings of the exemplary embodiments, like features are labeled with the same 
reference numbers, and redundant discussion of the like-numbered features typically is omitted for 
the sake of brevity. 
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DETAILED DESCRIPTION 

[0029] In Figs. 1-3, a first embodiment of a non- volatile memory array 100 is presented. Memory 
array 100 includes a plurality of memory cells Ml arranged in rows and columns. Fig. 1 provides 
a schematic diagram of one memory cell Ml, and a cross-sectional side view of the memory cell 
Ml and portions of two identical, adjacent memory cells in the same row. The cross-sectional 
side view is taken through a center of the memory cell Ml along the polysilicon wordline 7' 
overlying the row of memory cells. Each memory cell Ml is a distinct, split gate transistor. 

[0030] The rows and columns (Figs. 2, 3) of memory cells Ml are formed in a deeply-diffused P- 
well 1 1 (Figs. 4a, 5a) in a P-type semiconductor substrate 1. Heavily-doped, N-type, shallow 
diffusion regions are provided in P-well 1 1 in the form parallel pairs of lines 2', 3'. A column of 
the memory cells Ml overlaps each pair of implant region lines 2', 3', which serve as local 
bitlines. A subportion of one of the diffusion region lines (denoted 2') of the pair is the drain 
region 2 of the memory cell Ml, and an adjacent subportion of the other diffusion region line 
(denoted 3') of the pair serves as the source region 3 of the memory cell Ml. That is, each source 
diffusion region line 3' includes the source region 3 for all of the memory cells Ml of one of the 
columns of memory cells, and the associated, adjacent drain diffusion region line 2' provides the 
drain region 2 for all of the memory cells of the column of memory cells. A subportion of P-well 
1 1 , denoted channel region 9, is between the source region 3 and the drain region 2 of each 
memory cells. (The term "channel region" is used to refer to a subportion of the P-well 1 1 
between the source and drain regions 3, 2 where a channel would form if the transistor turned on. 
The channel region is present even when the transistor is not on.) 

[0031] Shallow trench isolation (STI) regions 4 (Figs. 1, 5a) are formed in the P-well 1 1 in the 
form of lines that extend parallel to the drain and source diffusion region lines 2', 3'. One of the 
STI region lines 4 separates each of the adjacent pairs of the drain and source diffusion region 
lines 2', 3 so that memory cells in the same row are electrically isolated from each other. Li an 
altemative embodiment, the STI region lines are replaced by field oxide region lines. 

[0032] A thin, tunnel oxide layer 5 is provided on the source side of each of the memory cells. 
The tunnel oxide layer is over, and in contact with, the source region 3 and the a source-side 
subportion of the P-well 1 1 surface over channel region 9. The tuniiel oxide layer does not overlie 
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the drain region 2 of the memory cell, but rather is separated from the drain region by a region of a 
thicker dielectric layer 8, as is discussed below. 

[0033] At each of the memory cells Ml, an electrically isolated rectangle of a first polysilicon 
layer overlies, and is in contact with, the tunnel oxide layer 5 over the source region 3 and the 
source-side subportion of the P-well 1 1 surface covered by tunnel oxide layer 5. This rectangle of 
polysilicon is the floating gate 6 of the memory cell. A second layer of polysilicon is formed into 
parallel wordlines 7' that each extend perpendicular to the diffiision region lines 2', 3'. Each of the 
plural polysilicon wordlines 7' overlies one of the rows of memory cells ML The wordline 7' 
extends integrally over the source region 3, floating gate 6, channel region 9, and drain region 2 of 
every memory cell of the row and over the isolation regions 4 that are between adjacent memory 
cells of the row. 

[0034] At each memory cell Ml, the subportion of the polysilicon wordline 7' overlying the 
memory cell Ml functions as the control gate 7 of the memory cell Ml . An intervening, 
relatively-thick dielectric layer 8 (e.g., oxide) separates the polysilicon wordline 7' from the 
underlying floating gate 6, from the drain-side portion of the P-well 1 1 surface uncovered by the 
floating gate 6, and from drain region 2 of the memory cell Ml. Dielectric layer 8 is much thicker 
than tunnel oxide layer 5, and separates the floating gate 6 from the drain region 2. The floating 
gate 6, tunnel oxide layer 5, and the dielectric layer 8 are between the control gate 7 and the 
underlying source region 3. 

[0035] The non-volatile memory cell Ml of Figure 1 thus has an electrically isolated floating gate 
6 that is over and in contact with a tunnel oxide layer 5 that itself is over and in contact with the 
source region 3. The floating gate 6 is on the source-side of the memory cell, and terminates over 
the channel region 9. Hence, the floating gate 6 does not extending over the drain-side of the 
channel region or over the drain region 2. The control gate 7, on the other hand, extends over the 
entire channel region 9 and over the source and drain regions. A dielectric layer 8 separates the 
control gate from the P-well 1 1 surface, and thus fimctions as a gate dielectric. Portions of 
dielectric layer 8 also isolate and separate the control gate 7 from the floating gate 6, and the 
floating gate 6 from the drain region 2. The arrangement of the floating gate 6 and control gate 7 
is as a split gate transistor. 
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[0036] A schematic diagram of a portion of the memory array 100 is shown in Fig. 2. For 
simpUcity, only three columns and two rows of memory cells Ml are shown. The basic operation 
of this small memory array is shown in Table 1 (Fig. 2a) as an illustration of the operation of a 
larger memory array comprised of any number of rows and columns of memory cells Ml . A 
typical memory array will have a plurality of memory cells in each of a plurality of rows and 
columns. 

[0037] Referring to Figure 2 and Table 1, an erase operation erases all of the memory cells of a 
selected row. During the erase, the wordline 7' (denoted WLl) overlying the selected row, which 
includes the circled memory cell Ml, is biased to a negative high voltage, -Vpp, for a selected 
period of time, e.g., on the order of a few milliseconds. The deselected wordline 7' (WL2) over of 
the deselected row of memory cells is grounded. At the same time, for each of the columns, the 
drain region lines 2' (BLla, BL2a, BL3a) and the source region lines 3' (BLlb, BL2b, BL3b) are 
floating. Accordingly, the floating gates 6 of every memory cell in the selected row (WLl) is 
biased, by capacitiye coupling, to negative voltages such that electrons on the respective floating 
gate 6 pass through the tunnel oxide layer 5 to the P-well 11 by Fowler-Nordheim tunneling. As a 
result, the floating gates 6 of the memory cells of the selected row all become positively charged. 
The erased state corresponds to the conductive state of the memory cell Ml . The -Vpp voltage 
' can be in the range -12V to -20V depending, for instance, on the thickness of tunnel oxide layer 5, 
floating gate coupling, and other memory cell construction details. 

[0038] Practitioners will appreciate that one or more rows of the memory cells can be erased in a 
single erase operation, depending on how many wordlines 7' are biased to the negative high 
voltage, -Vpp. 

[0039] During a write operation for the selected (i.e., circled) memory cell Ml of Figure 2, the 
wordline T (i.e., the control gate 7) for the selected memory cell Ml (and the other memory cells 
of the same row) is biased at positive high voltage, Vpp, Meanwhile, the drain region line 2' 
(BL2a) for the selected memory cell Ml (and the other memory cells of the same column) is 
grounded (0 V). In addition, the source region lines 3' (BLlb, BL2b, BL3b) for the selected 
column and the other columns are allowed to float. The application of Vpp to the selected 
wordline 7' (i.e., to the control gate 7 of the selected cell) biases the floating gate 6 of the selected 



-8- 



CAT-12945 



memory cell Ml, by capacitive coupling, to a positive voltage. As a result, at the selected memory 
cell Ml, electrons pass from chamiel region 9 through the tunnel oxide layer 5 to floating gate 6 
by Fowler-Nordheim tunneling. 

[0040] Note that, during the write operation, for the cells of the selected row, the source region 
line 3 'is floating and will take the same potential as the drain region line 2' because the selected 
memory cell is turned on during programming (the control gate voltage is very high). The absence 
of a voltage bias between the drain and source regions of the selected memory cell during 
programming helps to avoid junction breakdown and to avoid the emission of hot carriers. Hot 
carriers are known to cause oxide and interface deterioration in non- volatile memories 

[0041] Accordingly, during the write operation, the floating gate 6 of the selected memory cell Ml 
develops a net negative charge. This state, called the programmed state, corresponds to the non- 
conductive state (logical zero) of the selected memory cell ML The positive Vpp voltage can be in 
the range 12V to 20V, similarly as in the erase phase. 

[0042] During the write operation, deselection of the memory cells on the same row as the 
selected memory cell Ml is accomplished by counterbiasing the drain region lines 2' (BLla, 
BL3a) of the deselected columns of memory cells to a lower positive voltage, Vppx. (The source 
region lines 3' (BL2b, BL3b) are allowed to float.) The value of Vppx may be in the range of 3V 
to 7V, and generally depends on the separation window between the erased and programmed state. 
Typically, Vppx is less than or equal to half of Vpp. The application of Vpp to the selected 
wordline 7', together with the application of Vppx on the drain region lines 2' of the deselected 
columns, will bias the respective tunnel oxide regions to a voltage equal or less than the difference 
between Vpp and Vppx, which bias is too small to cause any significant Fowler-Nordheim 
programming. Accordingly, the floating gates 6 of the deselected memory cells in the selected 
row will not be affected. 

[0043] During the write operation, there is a disturb path for the memory cells on the deselected 
rows 7' (WL2), because the source region lines 3' of the deselected columns are biased to Vppx. 
Recall that the source region lines 3' float, and take the same potential as their counterpart drain 
region line 2'. This disturb risk can be completely avoided by biasing the deselected wordline T 
(WL2) overlying the deselected rows of memory cells to a voltage equal to or less than Vppx. . 
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The application of a voltage <Vppx on deselected wordline will bias the respective tunnel oxide 
regions to a voltage too small to cause any significant change in the floating gate charge. 

[0044] During a read operation for the selected (i.e., circled) memory cell Ml of Figure 2, all of 
the source region lines 3' (BLlb, BL2b, BL3b) are contiected to ground (0 V) and all of the drain 
region lines T (BLla^ BL2a, BL3a) are biased to a low positive voltage, Vr, which may be --1 V. 
Meanwhile, the selected wordline 7' (WLl) oyerlying the selected memory cell Ml (and the other 
memory cells of the same row) is biased to a low positive voltage, , normally equal to the supply 
voltage, Vcc. The deselected wordlines T (WL2) are grounded, in order to block current to the 
deselected rows of memory cells. A sense amplifier (not shown) detects whether the selected 
memory cell Ml turns on in response to the application of Vcc to the wordline 7' (i.e., the control 
gate 7) of the selected ipemory cell. If the selected memory cell Ml of Fig. 2 is in an erased state 
(i.e., logical one, with a net positive charge on floating gate 6), then the application of Vcc to the 
selected wordline T will turn on the selected memory cell transistor. The conductive state is 
interpreted as a logical one. On the other hand, if the selected memory cell Ml is in a 
progra mm ed state (i.e., logical zero, with a net negative charge on floating gate 6), then.the . 
appHcation of Vcc to wordline 1\ i.e., to the control gate 7, of the selected memory cell Ml will 
not turn on the transistor. The nonconductive state is interpreted as a logical zero. 

[0045] [0045] The read and write operations access independently any column in a memory 
block. Consequently, any number of columns (e.g., one or more) can be programmed and read 
simultaneously. 

[0046] Fig. 3 shows an architecture of a non-volatile memory 100, in accordance with one 
embodiment of the present invention, Parameters for the erase, write, and read phases also are 
shown in Fig. 3. 

[0047] Memory 100 is organized in blocks 22, with each block 22 consisting of any number of 
rows and columns of memory cells Ml . The number of rows of memory cells Ml is normally a 
power of 2 (16, 32, 64, etc). Each row of memory cells Ml in the block 22 has a corresponding, 
overlying wordline 7> All of the respective wordlines T of a block 22 are coupled to a row 
decoder 25 that selects the wordline bias during the erase, write and read operations. Each column 
of the block 22 contains a selected number of memory cells that each overlap the same pair of 
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drain and source region lines 2', 3'. One end of each drain region line 2' is coupled through a pass 
transistor 15 to a main bitline 16 (e.g., a metal bitline). All pass transistors 15 are controlled by a 
first block select signal (BSl ) that is produced by a block select circuit 24. The first block select 
signal (BSl) is provided to the respective gates of all of the transistors 15 via block select hne 20. 
One end of each source region line 3' is coupled through a pass transistor 18 to the ground line 19. 
All pass transistors 18 are controlled by a second block select signal (BS2) that is produced by a 
block select circuit 23. The second block select signal (BS2) is provided to the respective gates of 
all of the pass transistors 18 via block select line 21. The main bitlines 16 are biased through the 
bitline decoder circuit 26. During the read phase, a bitline decoder 26 connects selected bithnes 
16 to the sense amplifier 27, which determines whether the particular memory cell coupled to the 
main bitline is conductive (logical one) or nonconductive (logical zero), Normally, the. sense 
amplifier 27 processes eight bits at a tinie, although there is no limitation to the number of bits that 
can be processed (read). 

[0048] Selection of a subset (e.g., one) of the blocks 22 from among the entire set of blocks 22 

, during erase, \vrite, and read operations is performedlby a block decoder circuit 30 that is coupled . 

f- ■ . ■ • . 

to each of the blocks 22. The block decoder circuit 30 may be coupled to control the block select 

circuit 24, row decoder 25, and block select 23 of each block 22. 

[0049] During an erase operation, row decoder 25 selects the particular row(s) of the selected 
block 22 that are to be erased, and provides a high negative voltage (-Vpp) to the overlying 
wordline 7' (WLl). Meanwhile, block select circuitry 24 couples block select line 20 to ground 
(BSl = 0 V), which grounds the gates of pass transistors 15, ensuring that pass transistors 15 
remain off. Block select circuitry 23 couples the block select line 21 to ground (BS2 = 0 V), 
ensuring that pass transi3tors 18 remain off. Accordingly, the drain region lines 2' and th^ source 
region lines 3' of the selected block 22 float. Bitline decoder 26 may either couple the main 
bitlines 16 to ground (0 V), or allow the main bitlines 16 to float. 

[0050) The application of -Vpp to the selected wordline T (WLl) overlying the selected row of 
memory cells Ml causes electrons on the floating gate 6 of every memory cell of the row to pass 
through the tunnel oxide 5 to the underlying P-well 1 1 , resulting in a net positive charge on the 
floating gate 6. Accordingly, all memory cells in the selected row(s) are erased. Row decoder 25 
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may deselect other rows of memory cells by applying a ground voltage (0 V) to the wordline T 
(WL2) overlying each of the deselected rows of memory cells of the block 22. 

[0051] In a write operation, row decoder 25 applies a high positive voltage (Vpp) to the selected 
wordline 7' (WLl) overlying the selected (i.e., circled) memory cell Ml. Row decoder 25 also 
applies the lower positive voltage Vppx (or smaller) to the deselected wordlines T (WL2). 
Meanwhile, bitline decoder 26 causes the main bitline 16 for the column that includes the selected 
cell Ml to be grounded (0 V), and the main bitlines 16 for the deselected colunms to be set to 
Vppx. In addition, block select circuitry 24 provides ia first block select signal (BSl) equal to Vpp 
to the gates of pass transistors 15 on block select line 20. Accordingly, pass transistors 15 turn on, 
thereby causing the drain region line 2' (denoted BL2a) for the selected memory cell Ml (and the 
other memory cells of the same column) to be at ground (0 V), and the drain region lines 2' 
(denoted BLla, BL3a) for the deselected columns to be at Vppx. In addition, block select circuit 
23 couples block select line 21 to ground (0 V), so that pass transistors 1 8 remain off 
Accordingly, source region lines 3' are floating, and will take the same potential as the associated 
drgm regiOT line 2\ . _ , . . \ 

[0052] The application of Vpp to the selected wordline 7' (WLl) overlying the selected memory 
cell Ml causes electrons to pass from the channel region 9 to the floating gate 6 through the tunnel 
oxide 5, leaving the floating gate 6 with a net negative charge. This state, called the programmed 
state, corresponds to the non-conductive state of the memory cell Ml . The floating gates 6 of the 
deselected memory cells in the same row (WLl) as the target cell do not accumulate such a 
negative charge, i .e., are unaffected, because of the application of Vppx to their respective drain 
region line 1\ The floating gates 6 of the memory cells in the deselected rows are unaffected, 
because of the application of Vppx to the deselected wordlines T (WL2) by row decoder 25. 

[0053] During a read operation, row decoder 25 applies a positive voltage (on the order of Vcc) to 
the selected wordline T (WLl) overlying the selected (i.e., circled) memory cell Ml. Row 
decoder 25 also coupled the deselected wordlines T (WL2) to ground, ensuring that no current 
passes through the memory cells of the deseliected rows. Meanwhile, bitline decoder 26 causes a 
selected number of the main bitlines 16 to be set to a low positive voltage Vr, e.g., I V, with Vr 
being less than Vcc. Block select circuit 24 provides a first block select signal (BSl) of Vcc on 
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block select line 20 to the gates of pass transistors 15, whicli causes pass transistors 15 turn on, 
thereby setting the drain region lines 2' (BLla, BL2a, BL3a) to Vr. Block select circuit 23 
provides a second block select signal (BS2) of Vcc on block select line 21 to the gates of pass 
transistors 18, which turns on pass transistors 18. Accordingly, pass transistors 18 couple source 
region lines 3' (BLlb, BL2b, BL3b) to ground line 19. As a result, the selected memory cell Ml, 
which has its drain region line 2' biased to Vr, its source region line 3' grounded, and its overlying 
wordline 7' (WLl) at Vcc, will conduct if its floating gate 6 is storing a positive charge (i.e., 
erased state), and will not conduct if its floating gate 6 is storing a negative charge (i.e., 
programmed state). Bitline decoder 26 couples the main bitline 16 of the column including the 
selected mejtnory cell Ml to the sense ampUfier 27, which determines whether the selected 
memory cell Ml is conductive or not conductive, Deselected memory cells in other rows do not . 
turn on, because the deselected wordlines T (WL2) are set to ground by row decoder 25. 

[0054] In view of the above discussion of Figures 1-3, practitioners will appreciate various 
features of non- volatile memory 100 and non- volatile memory cell Ml . For example, non-volatile 
memory cell Ml includes ia select transistor .comprising a source region 3, drain region 2, channel 
region 9, and control gate 7. This select transistor controls access to the floating gate 6 of the 
memory cell, similar to an EEPROM. Yet, the memory cell does not have the two separate 
transistors of an EEPROM. Accordingly, the memory cell M 1 can be much smaller than an 
EEPROM cell. For. instance, the size of a memory cell is sometimes reported in terms of the 
feature size squared, or F^. A memory cell in accordance with the present invention may have an 
area of 8- 1 0 F^,. which is comparable to a FLOTOX-style flash meniory cell. By comparison, a 
standard EEPROM may have an area of 40-50 F^. . 

^ ■ . . . ■ " ■ . . ' . - 

. [0055] Reduced size is also made possible by elimination of certain contacts at each of the 
memory cells. In particular, unlike conventional EEPROMs or flash memory cell^, there is no 
need to have a separate contact to the bitline and wordline at each memory cell. Rather, for non- 
volatile memory 100, one contact is provided at the end of the drain region line 2, and one contact 
is provided to the source region line 3, for an entire column of memory cells. Further, the need for 
contact between particular memory cells and the wordline 7' is accompHshed by using an 
subportion of the overlying wordline 7' as the control gate 7 of all of the respective memory cells 
of the row. , . 
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[0056] Cell size reduction in comparison to an EEPROM is also achieved by the fact that only low 
voltages (0 V or Vppx) are placed on the bit lines 16 (and hence on the drain region lines 2' and 
source region lines 3'). Vppx is, in some embodiments, 3 to 7 Volts, which is less than half of 
Vpp. 

[0057] Further, reliable operation is obtained relative to conventional flash memories in that, 
during a write operation, there no bias between the drain and the source regions of the memory 
cell. This avoids junction breakdown and the generation of hot carriers. 

[0058] Further, the risk of disturbing some memory cells while accessing another memory cell, as 
is common with flash memories, is eliminated, or at least largely elinpiinated. Such reliability is 
obtained, for instance, by: (1) the provision of dielectric isolation regions 4 between adjacent pairs 
of source and drain region lines 3\ 2'; (2) the provision of a select transistor to control access to 
the floating gate 6; and (3) the ability to bias deselected wordlines 7' to Vppx. The use of low 
voltage on the columns (e.g., 0 V or Vppx oh the drain and source region lines 2\ 3 ') practically 
eliminates the bitline disturb. 

[0059] Two exemplary processes for making the memory cells Ml of the non-volatile memory of 
Figures 1-5 are described below. A first process implementation is based on LOCOS field 
oxidation. Referring to Figures 4a-4e, the field oxide 36 substitutes for the STI regions 4 of 
Figure 1. Such a process may be used, for instancis, where feature sizes are 0.35 micron and 
above. The second implementation, which is shown in Figures 5a-5d, uses shallow trench 
isolation (STI), as depicted in Figure 1 : This second embodiment lends itself to processes having 
feature sizes smaller than 0.35 microns. Other methods for making the memory cells described 
above may present themselves to practitioners in view of the disclosure herein and known 
methods in the art. 

[0060] In the first implementation, the processing starts with a P-type silicon wafer 1 (Fig. 4a), 
into which a P-well 1 1 is implanted and diffused. The memory cells are formed in P-well 1 1 . A 
pad oxide/thin nitride layer 36 is deposited on top of P-well 1 1 . The active mask is then realized 
by etching openings 33 in the pad oxide/nitride layer 36. An N+ implant is performed through 
photoresist inask 34. A small area self-aliped to the edge of the field mask is implanted, 
followed by a diffusion step. Accordingly, the parallel pairs of drain and source region lines 2', 3 ■ 
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(Figs. 2, 3) are formed in P-well 1 L A LOCOS field oxidation step follows the formation of the 
drain and source diffusion region lines 2\3\ The LOCOS field oxidation step produces parallel 
lines of field oxide 36 in the P-well 1 L Each line of field oxide 36 is between adjacent pairs of the 
drain and source region lines 2\ 3', and is parallel to the drain and source region lines 2\ 3'. At 
particular memory cells, the drain and source regions 2, 3 are realized in facing bird's beak areas 
of adjacent of field oxide lines 36, as shown in Fig. 4b. Channel region 9 is between the drain and 
source regions 2, 3. Each of the field oxide lines 36 isolates the source regions 3 of the memory 
cells of one column from the drain regions 2 of an adjacent column of the memory cells. 

[0061] Next, a thin layer of tunnel oxide 5 is grown over channel region 9. The tunnel oxide 
thickness is on the order of 7-11 nm, which is the practical range for non-volatile memories. The 
tunnel oxide area can extend over the whole wafer (outside field oxide) or it may be restricted to 
the memory area only. The choice is dependent on the particular process iniplementation in adding 
the low voltage module. 

[0062] A first polysilicon layer 39 is then deposited over the top surface of the wafer so as to 
cover (and contact) the tunnel oxide 5. A dielectric iayer^40 of oxide, nitride, and oxide layers is 
formed on top of the first polysilicon layer 39 (Fig. 4c). Then, using standard photolithography, 
the oxide/nitride/oxide (ONO) layer 40 and the first polysilicon layer 39 are etched into stripes 
that are parallel to the drain and source region lines 2', 3'. Each of the stripes of first polysilicon 
layer 39 overlie a subportion^only of a top surface of the field oxide 36, a source-side bird's beak 
region of the field oxide 36, the source region 3, and a source-side subportion-only of the P-well 
1 1 top surface over channel region 9. A side of the polysilicon layer 39 terminates over channel 
region 9. Accordingly, drain region 2 and a drain-side subportion-only of the P-well 1 1 top . 
surface over channel region 9 are not covered by the patterned first pblysiHcon layer 39. 

[0063] Using ONO layer 40 as a mask, a jfresh layer of oxide 41 is grown as the gate oxide for the 
select transistor portion of memory cell Ml . The oxide layer 41 is disposed on the P-well 1 1 
surface over the portion of chanhel region 9 uncovered by patterned first polysilicon layer 39. 
Oxide layer 41 separates the first polysilicon layer 39 fi*om the drain region 2. Oxide layer 41 has 
an appropriate thickness, e.g„ in the range of 250-400A, to sustain a gate vohage of ±12 to ±20V. 
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[0064] Then, a second polysilicon layer 42 is deposited (Fig. 4d) over ONO layer 40 and oxide 
layer 41 . The second polysilicon layer 42 is then etched through a photoresist mask into parallel 
stripes, i.e., wordlines 7', that each extend perpendicularly to the drain and source region lines 2\ 
3' (Figs. 2, 3) and to the stripes of first polysilicon layer 39. Each wordline 7' integrally overlies 
every memory cell of a row of memory cells, as well as the field oxide line 36 between adjacent 
memory cells. Then, in the same etch chamber and without removing the photoresist mask, the 
stripes of first polysilicon layer 39 are then etched through using the polysilicon layer 42 stripes as 
a mask. This forms isolated rectangles of the first polysilicon layer 39 at each memory cell, 
thereby forniing floating gates 6 (Fig. 4e) under the wordlines 7'. As mentioned above, a 
subportion of the wordline 7' over each memory cell Ml of the row serves as the control gate 7 of 
the memory cell transistor. „0N0 layer 40 separates the control gate 7 jfrom the floating gate 6, 
and oxide layer 41 separates the control gate 7 from channel region 9 and drain region 2. Other 
process steps to obtain standard CMOS devices and to provide contacts and interconnections for 
these devices are well known in the industry and will not be detailed here. 

[0065]_ In the second implementation, the processing starts.with a P4ype silicon substrate 1 
(Fig. 5a), into which a P-well 1 1 is implanted and diffused. A dielectric layer 46 is then deposited 
as a mask for the STI process. The active mask is realized by etching parallel STI trenches 45 in 
the top surface of P-well layer 1 1 . Each STI trench 45 has two vertical sidewalls that extending 
from one end of the trench to the other. The columns of memory cells are formed between a pair 
of the STI trenches 45. In particular, an N+ dopant is implanted in the facing sidewalls of two 
adjacent STI trenches 45. The.N+ doping is done by angle implants, and in a manner that 
provides a line of the N+ dojpant in the two sidewalls that extends fi"om one end of the trench to 
the other. The source of the dopant ions is at an acute or obHque angle to the substrate during the 
implanting. The implants may be annealed during subsequent process steps. As a result, the drain 
region 2 of each nascent memory cell Mia column of the memory cells is at and inward of a 
vertical sidewall 45 of one of the STI trenches 45, and the source region 3 of the same nascent 
memory cell Ml is at and inward of a facing vertical sidewall of the next STI trench 45, with the 
channel region 9 of P-well 1 1 between them. 

[0066] After the implanting step, the STI trenches.45 are filled with a dielectric 47, which may be 
an oxide. The STI dielectric 47 may be formed by depositing a blanket plasma oxide layer, and 

-16- 



CAT- 12945 



then polishing the plasma oxide layer to remove portions over and outward of the STI trench 45. 
The STI dielectric 47 isolates the source regions 3 of memory cells of one column of the memory 
from the drain regions 2 of the memory cells of an adjacent column. 

[0067] Subsequently, at each memory cell, a tunnel oxide layer 5 is grown over the source region 
3 and a source-iside subportion-only of the channel region 9, as mentioned above. A first 
polysilicon layer 39 is then deposited over the top surface of the wafer so as to cover (and contact) 
the tunnel oxide layer 5 at each memory cell. An ONO layer 40 is formed on top of the first 
poiysilieon layer 39 (Fig. 4c). Then, using standard photolithography, the ONO layer 40 and the 
first polysilicon layer 39 are etched into stripes that are parallel to the drain and source region lines 
2', 3' (Figs 2, 3, 5d). The stripes of first polysilicon layer 39 overlie a top, source-side subportion- 
only of the STI dielectric 47, the source region 3, and a source-side subportion-only of the P-well 
1 1 surface over channel region 9. A sidewall of first polysilicon layer 39 terminates over channel 
region 9, so that the drain region 2 arid a drain-side subportion-only of the P-well 1 1 top surface 
over the channel region 9 of the respective memory cell are not covered by the stripe of the first 
polysilicon layer 39.. ^ . _ . _ . _ 

[0068] Using the ONO layer 40 as a mask, a fresh layer of oxide 41 is on the P-well 1 1 top surface 
over channel region 9 and drain region 2^ thereby forming a gate oxide for the select transistor 
portion of th^ memory cell. The oxide layer 41 separates first polysilicon layer 39 from drain 
region 2 and channel region 9. Oxide layer 41 has a thickness, e.g., in the range of 250-400A, 
sufficient to sustain a gate voltage of up to ±20V. 

[0069] Then, a second polysilicon layer 42 is deposited (Fig. 5c) over the wafer top surface. The 
second polysilicon layer 42 is etched through a photoresist mask into parallel wordline 7' stripes 
that each extend perpendicularly to the drain and source region lines 2', 3' (Figs. 2, 3) and the 
stripes of first polysilicon layer 39. Each wordline T integrally overhes every memory cell of a 
row of the memory cells, as \yell as the STI dielectric 47 that is between adjacent memory cells of 
the row. Then, in the sanie etch chamber and without removing the photoresist mask, the stripes 
of first polysilicdh layer 39 are etched through using the second polysilicon layer 42 stripes as a 
mask. This step fornis isolated rectangles of the first polysilicon layer 39, thereby forming a 
floating gate 6 (Fig. 5d) under the wordlines 7' at each memory cell. As mentioned above, the 
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subportion of the wordline stripe T oyer the particular memory cell Ml serves as the control gate 
7 of the memory cell transistor. ONO layer 40 separates the control gate 7 from the floating gate 
6, and oxide layer 41 separates the control gate 7 from channel region 9 £md drain region 2. Other 
process steps to obtain standard CMOS devices and to provide contacts and interconnections for 
these devices are well known in the industry and will not be detailed here. 

[0070] A second embodiment of anon-volatile memory, denoted as non- volatile memory 101, and 
exemplary methods of making it, are disclosed in Figures 6-8. A main building block of the non- 
volatile memory 101 is a memory cell M2. , 

[0O71] Nonvolatile memory 101 ^d memory cells M2 of Figures 6 and 7 are basically identical to 
memory 100 and memory cell M l of Figures 1-3 , except that the P-well 1 1, in which the memory 
cells M2 are formed, is itself formed in an N-well 10. N- well 10 is deeply diffused into P-type 
semiconductor substrate 1. Both P-well 1 1 and N-welMO are coupled to voltage sources. Further 
discussion of the structural aspects of Figures 6 and 7 is not necessary, since those figures 
otherwise include the same structures and the same reference numbers as Figures 1 and 2. The 
reader should consult the discussion above, which is incorporated herein by reference. 

[0072] The basic operation of the portion of memory 101 shown in Figure 7 is provided in Table 2 
(Fig. 7a) as an illustration of the operation of the larger memory array 101 comprised of any 
number (e.g., a plurality) of columns and rows of memory cells M2. The parameter values for 
memory array 101, as set forth in Table 2 (Fig. 7a), differ from those for memory array 100 (Table 
1, Figure 2) due to. the disposition of P-well 1 1 in N-well 10: 

[0073] Referring to Figure 7 and Table 2, an erase operation ei*ases all of the memory cells of a 
particular row or rows. During the erase, the wordline T (denoted WLl) overlying the selected 
row, which includes the circled memory cell M2, is biased to ground (0 V), while the underlying 
P-well 1 1 and N-well 10 are biased to a positive high voltage, Vpp, for a time on the order of a • 
few milliseconds. The deselected wordlines T (denoted WL2) overlying the deselected rows of 
memory cells also are biased to Vpp, the same bias that is applied to wells 1 0, 1 1 . At the same 
time, all of the drain region lines 2' and source region lines 3* are kept floating. The floating gates 
6 of the memory cells of the selected row are biased, by capacitive coupling, to voltages much 
smaller than the voltage of the underlying P-well 11, such that electrons pass from the respective 
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floating gates 6 through the underlying tunnel oxide layer 5 into the P-well 1 1 by Fowler- 
Nordheim tunneling. Accordingly, the floating gates 6 of all of the memory cells of the selected 
row (WLl) become positively charged. The erased state corresponds to the conductive state of the 
memory cell. The Vpp voltage can be in the range 12V to 20V depending on tunnel oxide 
thickness, floating gate coupling and other cell construction details, 

[0074] Practitioners will appreciate that one or more rows of the memory cells of memory array 
101 can be erased, depending on how many wordlines T are coupled to ground. 

[0075] During a write operation for the selected (i.e., circled) memory cell Ml of Figure 7, the 
overlying wordline 7' (WLl), which includes the control gate 7 for each of the cells of the row, is 
biased at a-positive high voltage, Vpp. Meanwhile, the drain region line 2' of the selected 
memory cell M2 (and for the other memory cells of the same column) is set to ground (0 V). The 
wells 10 and 1 1 also are set to ground (0 V). The source region lines 3' (BLlb, BL2b, BL3b) are 
allowed to float. By capacitive coupling, the floating gate 6 of the selected memory cell M2 is 
biased to a positive voltage such that electrons pass from the channel region 9 through the tunnel 
oxide layer 5 to the floating gate 6 by Fowler-Nordheim tunneling. Alternatively, N-well 10 may 
be coupled to a positive voltage (> 0 V) to prevent possible latch up. 

[0076] Note that, during the write operation, the source region hne 3 'is floating and will take the 
same potential as the drain region line 2' because the selected memory cell transistor is turned on 
during programming (the gate voltage is very high). The absence of a vohage bias between the 
drain and source regions during programming helps to avoid junction breakdown and to avoid the 
emission of hot carriers. Hot carriers especially are well known to cause oxide and interface 
deterioration in non- volatile memories 

[0077] Accordingly, during the write operation, the floating gate 6 of the selected memory cell M2 
develops a net negative charge. This state, called the programmed state, corresponds to the non- 
conductive state (logical zero) of the selected memory cell M2. The positive Vpp voltage can be in 
the range 12V to 20 V,[ similarly as in the erase phase. 

[0078] During the write operation, deselection of the memory cells in the same row as the selected 
memory cell M2 is accomplished by counterbiasing the drain region lines 2 ' (BLla, BL3a of Fig. 
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7) of the deselected columns of memory cells to a loAver positive voltage, Vppx. The value of 
Vppx may be in the range of 3 V to 7 V, and generally depends on the desired window between the 
erased and programmed state. Typically, Vppx is less than or equal to half of Vpp. The source 
region lines 3' (BL2b, BL3b) for the deselected colunms of memory cells are floating. The 
application of Vpp to the selected wordline 7', together with the application of Vppx on the drain 
region lines 2' of the deselected columns, will bias the respective tunnel oxide regions to a voltage 
equal or less than the difference between Vpp and Vppx, which bias is tqo small to cause any 
significant Fowler-Nordheim programming. Accordingly, the floating gates 6 of the deselected 
memory cells in the selected row will not be affected. 

[0079] During the write operation, there is a disturb path for the cells on the deselected rows 
(WL2) of memory, because of the source region lines 3' that are biased to Vppx. Recall that the 
source region lines y float, and take the same potential (Vppx) as their counterpart drain region 
line 2\ This disturb risk can be completely avoided by biasing the wordlines 7* (WL2) overlying 
the deselected rows of memory cells to a voltage equal to or less than Vppx. The apphcation of a 
ypltage <yppx, on deselected wordline will bias the.respective tunnel oxide regions ,5 to a voltage 
too small to cause any significant change in the floating gate charge. 

[0080] Duririg the read phase, all of source region lines 3' (BLlb, BL2b, BL3b) and the wells 10, 
1 1 of Figure 7 are connected to ground (0 V). Meanwhile, all of the drain region lines 2' (BLla, 
BL2a, BL3a) are biased to a low positive voltage Vr, which may be ~1 V. The selected wordline 
7' for the selected memory cell M2 is biased to a low voltage, in the range of the supply voltage 
Vcc. The deselected wordlines 7' (WL2) are coupled to ground (0 V) in order to block the current 
to the memory cells of the deselected rows, According, if niemory cell M2 is in an erased state 
(i.e., logical one, with a net positive charge on floating gate 6, then the application of Vcc to the 
selected wordline 7\ A sense amplifier (not shown) detects whether the selected memory cell M2 
tums on in response to the application of Vcc to the wordline 7' (i.e., thC; control gate 7) of the 
selected memory cell. On the other hand, if memory cell M2 is in a programmed state (i.e., logical 
zero), with a net negative charge oh floating gate 6, then the application of Vcc to the selected 
wordline 7', i.e., to the control gate 7, of the selected memory cell M2 will not turn on the 
transistor, i.e., the transistor is not conductive; ' 
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[0081] Fig. 8 shows an architecture of a non- volatile memory 101, in accordance with one 
embodiment of the present invention. Parameters for the erase, write, and read phases also are . 
shown in Fig. 8. The architecture of memory 101 of Figure 8 is very similar to the architecture of 
memory 100 of Figure 3, and bears similar reference numbers. Hence, the reader is referred to the 
discussion of Figure 3, which is incorporated herein by reference. Accordingly, the following 
discussion of memory 101 that follows can be abbreviated by focusing on the differences between 
memory 101 and memory 100. 

[0082] Referring to Figure 8, memory 101 is organized in blocks 22. Each block 22 consists of a 
selected number of rows and columns of memory cells M2. The number of rows of memory cells 
(i.e., the number of wordlines 7') is normally a power of 2 (16, 32, 64, etc). All of the blocks 22 
are formed in a single P-well 1 1, which itself is formed in a single N-well 10 of P-substrate 1 (Fig. 
6). A well bias circuit 29 is coupled to the P-well 10 and N-well 1 1 by connections 28, 27, 
respectively; Well bias circuit 29 provides a plurality of bias voltages to P-^well 10 and N-well 11. 
The bias differs for the various operations of the memory. Alternatively, a plurality of separate P- 
wells J 1 may be provided in one N-well 10, with each P-ovell 1 1 including one or more blocks 22, 
or each block 22 may be provided in a separate P-well 1 1 and N-well 10. 

[0083] With the exception of building P-well 11 in N-well 10, and providing a controllable well 
bias circuit 29 to bias wells 10 and 11, the structure of memory 101 of Figure 8 is the same as that 
of memory 101 of Figure 3. Hence, the above discussion of Figure 3 is incorporated herein by 
reference. ^ 

[0084] The operation of memory 101 of Figure 8 is very similar to the operation of memory 100 
of Figure 3 {compare Figs. 2, 2a, and 3 to 7, 7a, and 8, respectively). The difference in operation 
of memory 101 versus memory 100 stems from the fact that memory 101 is built in a P-well 1 1 
and N-well 10 of P-substrate 1, and has bias circuitry for P-well 1 1 and N-well 10. 

[0085] During an erase operation, well bias circuitry 29 of Figure 8 provides a positive voltage 
Vpp to both N-well 10 and P-well 1 1 via connections 28 and 27, respectively. Biasing N-well 10 
and P-well 1 1 to Vpp during the erase operation, while the selected wordline 7' is grounded, 
causes electrons to pass from the floating gate 6 of the selected memory cell M2 to the P-well 1 1 . 
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The floating gates 6 of the deselected rows are not affected, because the deselected wordlines also 
are biased to Vpp. 

[0086] During read and write operations, well bias circuitry 29 of Figure 8 biases N-well 10 and 
P-well 1 1 to ground (0 V) via connections 28 and 27, respectively. Alternately, N-well 10 can be 
biased to a slightly positive voltage, to prevent accidental junction turn-on. . 

[0087] Other than the biasing of the wells 10 and 11, and the different voltages applied to the 
wordlines 7' during the write operation, memory 101 operates with the same parameters in the 
erase, write, and read operations as memory 100 of Figure 3, which is discussed above. Hence, 
further discussion is not required. 

[0088] Exemplary processes for making the inemory cells M2 of the non- volatile memory 101 of 
Figureis 6, 7, and 8 are provided in Figures 9a-9e and lOa-lOe. The processes of Figures 9a-9e, 
and iOa-lOd are e$sentially identical to the processes of Figures 4a-4e and 5a-5d, respectively. 
The difference beitween the embodiments is related to the semiconductor substrate 1 . In particular, 
in the embodiments of Figures 9a-9e and l Oa- lOd, the processing starts with a P-type silicon wafer 
1 (Fig. 9a), into which an N-type dopant is implanted and deeply diffused, forming the N-well 10. 
Next, a P-type dopant is implanted and deeply diffused in the N-well 10, forming P-well 11. . 
Since the processes of Figures 9a-9e and 1 Oa-1 Od are otherwise identical to the processes of 
Figure 4a-4e and 5a-5d, respectively, it is not necessary to describe the processes of Figures 9a-9e 
and 10a- l Od any further, The reader should refer to the prior discussion of Figures 4a-4e and 5a- 
5d, which is incorporated here by reference. 

[0089] The invention is not limited to the exemplary embodiments described above. Other 
embodiments may be suggested to practitioners by the disclosure herein. For instance, while some 
structures are identified herein as having a P-type conductivity, and other materials are identified 
as having an N-type conductivity, the conductivity types can be switched. Such a switch could 
change the polarity of the voltages that would need to be applied in the read, write, and/or eraise 
phases, but ih a predictable manner. 



